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SIMULATION CAPABILITY FOR DYNAMICS OF TWO-BODY
FLEXIBLE SATELLITES*

T

Fred Austin** anl George Zetkov

Grumman Aerospace Corporation
Bethpage, New York

Abslract

An analysis and computer program were prepared to
realistically simulate the dynamic behavior of a class of
satellites consisting of iwo end hodies separated by a
conneeting structure. The shape and mass distribution of
the flexible end hodies are arbitrary; the connecting struc-
ture is flexihle but massless and is capzble of deployment
and retraction. Fluid flowing in a piping system and rigid
moving masses, representing a cargo elevator ar erew
members, have becn modeled. Connecting Structure
characteristics, control systems, and externally applied
loads are modeled in easily replaced subroutines. Bub-
routincs currently available include a felescopic beam-~
type connecting structure as well as attitude, deployment,
spin, and wobble control, In addition, a unigue mass bal-
ance control system was developed to sense and balance
mass shifts due o the motion of a cargo clevator. The

mass of the cargo may vary through a large range. Numer-

ical results are discussed for various types of runs.
I. Introeduction

Often, when a new satellite configuration requires in-
vestigation, the cquations of motion must be derived, pro-
grammed, and checked in order to predict the dynamic
behavior of the vehicle. 1n Lhis paper, a new compuler
program is described which eliminates these tasks [or
a class of two-body flexible satellites. One application
is the rotating counterweight space station.

The end bhodiea are rcierred to herein as the Labora-
tory and the Counterweight , whereas the entire struc-
ture is referred to as the Space Stalion. The structure
geparating these bodies is referred to as the Connecting
$tructure. Both the Laboratory and the Counterwelight
are modeled as flexible structures with arbitrary shape
and mass digtribution (see Figure 1}. The Connecting
Structure is also flexible, but its mass is neglecled.

Prohlems which may be studied using the program in-
clude deployment and retraction of the Connecting Struc-
ture with simultaneous or sequential spin-up and spin-
down, the effects of moving rigid masses such as a
cargo elevator or erew members on board the
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Fig. 1 Idealization and Coordinate Systems

Lahoratory, and the effect of fluid pumped threugh
a piping system on the Laboratory. An example
of a realistle configuration which may be treated
is shown in Figure 2. Various features including
control systems and Connecting Structure char=-
acteristics have been included in subroutine form
50 that these itemns may he easily replaced with
minimum disruption to the main program. A
subrouline is also provided for programming
forces and torques; these may be applied at any
mass point on the Space Stalion. Special con-
straint options permit the user to rigidize the
entire Space Station or certain portions of the
vehicle; thus the easier-understood rigid=-body
results can be compared with the more complex
flexible-body solutions.

It is also possible to use the program to study
the dynamics of the Laboratory alone when no
Counterweight is present. Thus, many rotating
and nonrotating satellite configurations can be
studied since the Laboratory characteristics may
be varied as input data.

*This work was performed for the NASA Langley Research Center under contract NAS 1-10973. The complete study
iz documented in References 1 and 2, Most of the content of this paper was presented at the AIAA Dynamics
Specialist Conference at Williamsburg, Virginia on March 1973 (AIAA Paper No. 73-320, entitled "Simulation
Capability for Dynamics of Rotating Counterweight Space Stations™).

«+Structural Mechanics Engineer

TGuidance and Control Engineer

The authors appreciatc the technical and administrative assistance provided by Dr. R. Fralich, the NASA
Project Monitor. Mr. 8, Goldenberg performed all theoretical work required for the preprogram, which
synthesizes the modes of the main structures, Dr. J. Markowitz's many significanl technical contributions to
this program are appreciated. Mr. E. Lowe programmed and checked both the main program and the preprogram,
and his excellent work is gratefully acknowledged, Many of Mr. J. Smedfjeld's useful commeals were incorporated

into the manuscript,



MASS

APPENDAGE POINT 17

v

CORE MASS
MODULE

CONNECTING
STRUCTURE

|~

COUNTERWEIGHT

Fig. 2

II. Idealization and Method cf Analysis*

The coordinates used in the analysis are shawn in
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Figure 1. The X axes are 4 syslem ol mean axes moving
with the average or "rigid-body™ motion of the Laboratory

and are vused as the reference system for its elastic mo-

tion. Similarly, the ¥ axes are a set of mean axes
for the Counterweight. | B | and the Euler angles

! 7} locate the X ases in space, and{R jand { 7 |
locate the Y axes with respect to the X axes. The
elastic linear and angular deflections with respect

to the mean axes arc | q;)and |8}, respectively,

for a typical mass point mi (£ =1,..., n) on the
Laboratory and {§,}and |§;, }for a typical mass point
Mg,{a=1,...., M) on the Counterweight. These
elastic coordinates were linearized whencver there
was an analytical or computational advantage to do
so0; however, the rigid-body coordimates [R}{ Y],

{ R ], and {9} are not linearized so that large rigid-
body motions may be studied. Instead of Eulcr-}-(
angle rates ({¥}and (3]} angular velocities (juw™ |
and {wY}} of the X and Y axes, respectively, are used
a8 integration coordinates in order to simplify the
equations of motion, The angular-velocity com-
ponents are not dervivatives of generalized coordinates
but are derivatives of quasi-coordinates. (3)

Newton and Euler equations of motion were
written for an arbitrary number of lumped masses
on the Laboratory and the Counterweight**, and the
position and orlentation of these masses is also
arbitrary. The rotatory inertia of each structural
mass point is included, as is linear-and angular
momentum of a fluid confined within a pipe segment
on a typical Laboratory mass point, Any Labora-
tory mass points may also include the two fluid-
system reservoirs; one 1s nominally filling and
the other is nominally emptying. Unilorm
flow is assumed; thus slosh is not allowed.

A maximum of eight moving rigid masses (a cargo

*Details of the analysis are presented in Reference 1.

Typical Configuration That Can Be Analyzed Using the Computer Program

elevator, crew motion, cle.) arc idealized as
poinl masses wilth no rotary inertia. Their
rigid body motion is a prespecified function of
time; however, the additional motion due te
structural deformation of the path is estimated
by averaging the motion of the surrounding
structural masses and in this way is approx-
imately included in the analysis.

The equations of motion were first written in vec~
tor form, and then converted to a convenient matrix
form by using a set of identities develaped for this
purpose {see Appendix B of Reference 1). Next,
modal or constraint relationships (or a combina-
tion of the two) were used to reduce the number of -
ecordinates. For example, one typc of constraunt
that may be selected by the program user 1s to ri-
gidize the Laboratory or the Counterweight. After
reduction of coordinates, the equatfons are linearly
combined into a reduced number of equations by an
automated technique described in Appendix D
of Reference 1. The result is identical to that
which would be obtained by writing Langrange's
Equations for a system containing gquasi-coordin-
ates; however, the technique used in this analysis
is more direct and simpler. The equations now
have a symmetric acceleration coefficient matrix
which was used to facilitate computation as
follows. Because of nonlinear effects this ma-
trix, and consequently its inverse, varies; there-
fore, the equations must be solved at each time
point. Since more rapid computing algorithms are
available for solving equaticens with symmetric
coefficient matrices, the symmetric form led to
appreciable time savings. Also, less storage is
required since only the upper triangle of the matrix
must be stored,

**In the computer program the maximum number of lumped masses is 100 for each body,



When modes are used to represent the elastic
motion of the Laboratory or Counterweight, a
number of frec~free elastic modes (but not rigid—
hedy modes) of that structure are read into the
program. Omitting the rigid-body meodes uniguely
determines the location of the X and Y mean axes
of FMigure 1 {see Section 4.3, 5 of Reference 1)

The modal masses and frequencics are required

by the program and are used to defime the stiff-

ness characteristics of the structure; thus it is not
required to read in a large physical stiffness matrix.
Modal damping is assumed, and a differeni percent-
age of oritical damping for each mode may he used.

II. Obtaining the Modes of Vibration

A separate preprogram wag prepared to synthe-
s1Ze the modes of the Labhoratory or Counterweight
from a knowledge of the modes of their various com—
_ponent substructurcs. The synthesized modes may
be passed directly from the preprogram to the main
program. :

To provide the versatility for synthesizing a
wide varlety of configurations, the procedure is de-
veloped for the general seventeen-module idealiza-
tion shown in Figure 3, The user has the capahility
of eliminating any of the modules from this most
general arrangement 5o long as he does not discon-
nect the structure. In this way, many configurations
having a lesser number of flexible modules may be
studied, The general eonfiguration in Figure 3 allows
up to five modules to be appended te one another in an
arbitrary manner, and up to ten modules to be appen—
ded to one core module.
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Fig. 3 Gencral 17-Module Configuration for Modal
Synthesis

One feature of the synthesis procedure is that the sub-
structure modal matrices may be supplied in coordin-
ate systems that are not parallel to the coordinate system
in which the results, the coupled modes, are obtained,
Accordingly, modules need not be in the same plane. In
fact, they may be skewed at any angle in space.

Another feature of the procedure permits the user to
supply constrained substructure modes, These are modes
which were obtained for idealizations where constraints
were employed; for example, in a beam analysis axial
extension may have been neglected.

Capability is not provided to automatically synthesize
structures where appendages are inferconnected; however,
maodes for these structures may be obtained by other pro-
cedures and then used as input data to the main program.
Thus, the main program is not restricted by the limita—-
tions of the preprogram.

1V. Control Systems

Five major types of control systems have been de-
veloped and programmed in subroutine form. The
control and associated command subroutines were
originally developed on a rigid-vehicle idealization
and were then implemented on the flexible-vehicle
compuier program. Control actuators and sensors
were assumed to move with the total motion of the mass
point to which they were attached, The control
systems arc described briefly below,

Three-Axis Attitnde-Position Control (when the vehicle

is not spinning), Sixteen jets are mounted on the Labora-
tory for attitude-position control. The attitude error e
and error rate ¢ are measured about each axis, and

the & and & combination is used to decide which jets

to Firc.

Spin Rate Control. The jets are alsc used for spin-up
and spin-down maneuvers when these maneuvers are
commanded by a spin command subroutine, In addi-
tion, these jets can be automatically fired to maintain
a constant spin rate within a certain tolerance
established by the control-system dead band,

Counterweight Position Contrel. This control system
is used for deployment and retraction maneuvers., Un-
like the other control gystems, the actuator dynamies
are not simulated. Rather, an idealized motor is
azsumed which is able to precisely control the unde-~
formed length £y (t) of the connecting structure; i.e.,
A£oft) is set equal to a prespecified function of time
contained in a position command subroutine. The in-
put data to this subroutine are: the initial and final
positions, the timne for deployment to begin, the mag-
nitude of an on-off constant acceleration }0 |, and a
maximum velocityio max

Wobble Control, A control moment gyroscope (CMG)
is used to damp undesirable wobble due to gyroscopic
effects when the vehicle is rotating. The highly ef-
ficient 909 h-lag law(4~7} is used to accomplish this
tasl.

Mass Balancing for Spitning Vehicle. When the cargo
elevator 1s in motion, the shitting of a large mass causés
undesirable motions of the spinning vehicle, To balance
this effeet, an accelerometer detects the resulting
accelerations, and a balance mass is moved to cor-

rect both the center of mass shift and the cross pro-
ducts of inertia of the vehicle.

Miscellaneous Command Subroutines. The same sub—
routine used to command the undeformed length of the
Connecting Structure is also used to command the posi-
tion (along each of the three axes) of every moving
point mass except the balance mass (which is governed
by the balance mass control system). There are a
maximum of seven such moving masses which may be
used to simulate the cargo elevator, crew members,
etc. Amnother subroutine is used to prespecify the
fluid veloeity in the piping system, i.e,, an idealized
pump is assumed. Automatic shutoff occurs when a
reservoir is either emptied or filled, This subroutine
also generates the spin-rate command used as a
reference input by the spin-rate control systen.




V. Miscellaneous Program Capabilties

For reference, the program computes the position .
of the Space Station center of mass in inertial coor-
dinates, the total angular momentum vector projected
onto inertial coordinates, and the total system kinetic
energy. The output includes { & Jand | *], the linear and
angular displacements, respectively, of the Connecting
Structure attachment point on the Laboratory relative
to the attachment point on the Counterweight, In addi-
tion, the program can compute the internal resultant
force and torque vectors on any surface that separates
the structure into two free hodies. This is accomplished
by the acceleration method, which appears to be more
accurate than the stiffness—damping matrix method
for the case where a truncated number of modes repre-
scnts the deformatlon of the vehicle,

VI, Program Checkout

Several test problems were run to check the pro-
gram. In the test configuration, the Labhoratory was
idealized using eight structural masses and the Coun-
terweight idealization had five struectural masses. A
teleseopic boom was used as the Connecting Structure.
First the entire vchicle was commandced to be rigid,
and the time history was found to be identical to results
obtained using the well=known analytical solutions for
a rotating rigid body. Next, a separate program was
written by an indepetident programmer using the theo—
retical expressions of Reference 1, However, this
check program was much simpler than the main pro-
gram since the expressioms were applied only to the
test configuraticn. Also, the time~ and storage=-saving
manipulations used in the main program were not used
in the test program. Several test runs were made, in-
cluding vibration exeited by: giving each variable and
its derivative a different initial conditicn while rotating;
fluid motion; point masscs in motion; and a retraction
maneuver, Time histories of the two programs agreed
in each case.

The preprogram which synthesizes the modes of the
Space Station was also tested by comparing results for
geveral confipurations with independently chtained
results, The independent results were obtained by com-
puting a mass and stiffness matrix for the entire strue-
ture by a standard technique and applying an existing
eigenvalue program. Agreement was achieved in each
case.

VII. Numerical Results Demonsirating
the Computer Programs

Ccmfl?ration. The NASA Langley Research Center
provided Grumman with the configuration shown in

Figure 2 for the purpose of demonstrating the com-
puter program. The Laboratory is composed of a
central core module with two relatively rigid appen-
dages and two solar panels which arc very flexible.,
The Connecting Structure is a telescopic beam which
can be fully retracted. The Counterweight is com-—
posed of three relatively rigid modules. The mass
of the entire vehicle is approximately 77, 600 kg, and
its deployed overall length is approximately 78.4 m.
TFor additional descriptive details of this configuration
gsee Reference 1.

Iirst, the modes of the core and appended modules
were computed by Grumman, based upon stiffness
and mass properties generated by North American
Rockwell. The modes of the solar panels were
compuited by Fairchild Industries and Wolf Research.
These modes were used as input data to the pre-

(8)

program in order to obfain the free-free modes of the
Laboratory and the Counterweight, The Counterwceight
was relatively rigid. The lowest flexible Counterweight
frequency was 6.851 Iz, whereas the sixth Laboratory
Ifrequency was 382 Hz, It was therefore decided to
tdealize the Counterweight as a rigid body in the time-
history computer program. The Laboratory was
idealized using 72 mass points. Six flexible laboratory
modes were then used to reduce the number of
numerical-integration coordinales. Because of the
relatively high flexibility of the solar panels, most of
the motion in these modes is solar-panel motion.

A total of 18 coordinates are used in the time-history
runs. These are the gix laboratory modes, six
rigid-body coordinates locating the mean axes for the
Laboratery, and six rigid-body coordinates for the
Counterweight.

The connecting structure was assumed to be an
elastic tubular beam with uniform characteristics
per unit length, To approximate telescopic charac-
teristics of the beam during deployment and re-
traction, new stiffness properties are computed at
each time interval based on the beam length.

All control system jets, the CMG, and the control-
syslem sensor package were mounted on the Labora=
tory core module.

A detailed description of the configuration is
presented in Section 6.0 of Reference 1.

Selection of Runs, The runs which will be discussed
arc attitude control, deployment, spin-up, wobble
control, elevator motion with mass balancing, and
fluid being pumped between rcscervoirs, It is also
poasible to usc the program to study muny of thesc
cffeets occurring simultaneously; however, this was
not done in the present study. Since the runs
performed were sclected primarily to demonstrate
the capability of the computer program, there was
no attempt to optimize any of the operation param-
efers such as control-system gains. Also, in the
case of the deployment and spin-up maneuvers, the
jet thrusts were increased to unrealistic values in
order to complete the maneuvers within 45 sec,
thereby saving computer ime.

Although the runs described herein are primarily
flexible-vehicle runs, in each casc the rigid-vehicle
run was also performed. Rigidization was accom-
plished by using the program's constraint option.

Attitude Control. During the attitude-control
maneuver, the system was not rotating and the
Connecting Structure was fully retracted. The
attitude control system developed for the rigid
vehicle required no modification for use on the
flexible-vehicle idealization. The three components
of the Euler angles {¥} orienting the vehicle are
shown in Figure 4, Curves for a rigid-body run
were overlayed with the flexible body curves of
Figure 4 and no difference could be discerned.

The Space Station was initially tilted so that each
Euler angle was . 01745 rad (1.0 deg). The control
system then reduces each angle to the commanded
value of zero. Similar behavior cceurs along each of
the three axes. The jets first apply a torque to begin
correcting the attitude angle. Then a torque is
applied in the negative direction to slow down the
Space Station's angular rate, Linear deformation

in the Connecting Structure is shown in Figure 5.
Since the Connccting Structure is fully retracted,
the illustrated deformation actually respesents the
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very small deflections of the relatively stiff Con-
necting Structure docking hatch. This connection
is only approximately represented as discussed in
Section 4.4.2.1 of Reference 1.

Deployment with Spin-Rate Hold. Figure 6 illus-
trates a deployment mancuver at .2 rpm.  All motion
in this rua is in the spin plane. Figure 6A shows the
prespecified motion of the undeformed Connecting
Structure. The Connecting Structure deploys from
an undeformed length £ 54 of 0 to 42.822 m. If the
spin control system were not operational, the spin
rate would decrease to mainfain constant momentum;
however, the command to maintain a constant spin
rate was given during this run, To accomplish the
deployment within 40 sec, the jet thrust was increased
from a nominal value of 222,4 N (50 Ib) to 4448.2 N
(1000 Ib). Figure 6B shows the axial deformation in
the beam during deployment. Throughout the maneu-
ver, the slow spin rate causes a slight centrifugal
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Fig. 6 Deployment Maneuver at .2 RPM

force. Therefore, there is a small tendency for the
end bodics to separate naturally; however, this would
occur at a very slow rate. The deployment command
is given at t = 1 sec, and the Laboratory and the
Counterweight are pushed apart (£93>0 as shown in
Figure 6A) causing compression in the beam. When
the maximum velocily £ g3 = L. 270 m/sec (50in. /sec)
ig reached, and deployment proceeds at constant
velocity, the beam is expanded slightly by the centrif -
ugal force. At approximately 35 sec, the deceleration
heging { £ g3 <0) and the expansion in the heam is
increasecd significantly. Deployment ends at about

40 sec. The final cxpansion s much larger than

the initial compression, mainly because the Con-
necting Structurc is more flexible when more of it

is deployed. For the same reason, the transient
vibration cceurs at a lower frequency when deploy-
ment is near completion. Figure 6C illusirates

the bending of the Connecting Structure during deploy-
ment. This bending occurs partially as a result of
the Coriolis forces, but primarily 1t is due to the spin
jets torguing the Laboratory to maintain a constant
angular veloecity.

Spin-Up. Figures 7 and 8 illustrate a spin-up
manenver, The Space Station is initlally rotating at
.2 rpm and, at 5 sec, the command is given to in-
creage the spin speed to 4 rpm. All motion in this
run is in the spin plane. In order to accomplish the
maneuver in 40 sec, the jets on the Laboratory were
increased from 222.4 N (50 lb) to 66.7 kN (15, 000 1b).
Figure TA illustrates the inercase of the spin speed,
and Figure 7B illustrates the corresponding increase
in the axial extension of the Connecting Structure due
primarily to the centrifugal force. Figure 7C shows
the bending in the Connecting Structure during the
spin-up maneuver, Unusually high bending deforma-
tions oceur as a result of the large torques on the
Laboratory generated by the increased jet thrusts.
Figure 8 shows the largest component of the deforma-
tion at mass point 17, a very flexible point on a solar
panel, and the largest component of the foree exerted
by the solar panel on the core module at the root of
the panel (see Figure 2). ’

Quiescent State. When the Space Station is rotating
in its nominal statc of pure spin (i.e., in a state of
pure rotation about the Xy axis with no vibration),
constant elastic deformations occur due to the cen-
trifugal foree, This state is known as the quiescent
state. During the runs which were made when the
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During Spin-Up Maneuver

Space Station was rotating =t its nominal spin speed
of 4 rpm, the initial conditions are a variation [rom
the quiescent state, Hefore making these runs, the
quiescent state deformations were determined by
setting all of the damping coefficients (for both the
Laboratory and the Connecting Structure) to 807 of
their critical values, A short run was made, and the
deformations rapidly damped to their quiescent
values. The quiescent deformations were highest

at certain points cn the solar panels. As an example,
the deformation in the Xq direction at mass point 17
(ql-;, 3) was approximately 540 mm (21.4 in, ),

Wobble Control. Figure 9 illustrates the perfor-
mance of the wobble control system. Initially, the
deformations were set to their quiescent values, and
the second component of {w™} was given a wobble
component of . 001 rad/sec. Up to approximately
27 sec the curves are essentially identical to a run
made for a rigid Space Station. This indicates the
usefulness of the mean axes; one reason that they
were used was that they move at the average motion
of the deformed system. After 27 sec, some small
higher-irequency oscillations predominate due to
elastic vibration. The only moedification required to
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Fig. 9 Components of Angular Velocity {wx} Ilustrating
Wohble Conirol System

the CMG control system was to increase the amount
of wabbic at which the CMG stops trying to confrol
wobble, Eefore this modilieation was made, the CMG
sensor reacted to the residual vibration and the CMG
continued to operate in the wobble-damping modc
throughout the entire run.

Elevator Motion with Balance Mass Control. In
the runs described in this paragraph, a 4,530 kg
{10,000 [b) elevator and a 2,270 kg (5, 000 [b} balance
mass are initially located on the X5 axis, at Xg-19.4
and 8.9 m, respectively. The elevator moves towards
the halance mass at t=5 seconds. All rigid-hody and
[lexible motion is in the apin planc. Initially, the
Space Station is rotating in the quiescent stnic. The
first hulance-mass control system which was devel-
oped operated properly on a rigid-vehicle idealiza-
tion; however, using the current computer pProgram
it was found that vehicle [exibility coupled undesir-
ably with the control system. During this run the
vehicle vibrated at a high-frequency vibration
associated with the Connecting Structure axial mode,
and the overall response of the balance mass was
sluggish and unstable. The satisfactory control
itlustrated in Figure 10 was achieved after
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Fig. 10 Performance of Balance Mass Control System



considerable maodification of the centrol law. The
control system is required to balance an elevator
motion of 7.00 m. The curve showing the crror in the
position of lhe Space Station center of mass indicates
that there is a Iag in the responsc of the balance mass;
however, by the end of the run the Space Station is
balanced. The deformations in the Connecting
Structure during this run are shown in Figure 11.
Note that there is an initial vibration although the
elevator does not begin its motion until 5 sec. This
initial vibration results because the initial quiescent
deformations were obtained from a run where the
elevator and halance masses were not present.

The main Connecting-Structure hending effects are
caused by the Coriolis forces excried by the moving
masses on the Laboratory and by the spin jets

which torque the Laboratory to maintain the com-
manded constant spin speed. The deformation at
maas point 17, which is on a solar panel, and the
internal force cxerted by the solar panel at its root
arc shown in Figurcs 12A and B.
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Fig. 12 Selected Deflection and Load Components
During Mass Balancing

Fluid Pumped Through the Laboratory. In this
run only, the Laboratory contained a fluid system con-
sisting of a pipeline connecting two reserveirs. Unlike
the system illustrated in Figure 2, the centerlines of
both reservoirs and the pipe were located on the X,
axis., Pumping begins at 2 sec. The fluid velocity and
height of the fluid in the emptying reservolir are shown

in Figure 13. Pumping proceeds untit this reservoir is
empty at t = 85.7 sec, when the pump suddenly shuts
down. Aller shutdown, fluid remains in the pipeline.
All motion during this run occurs in the spin planc.
Figure 14 shows the deformations of the Connceting
Structure. The bending which occurs during pumping
ig illustrated in Figure 15. The primary reason for
this bending is that the resuliant of the Corfolis lorces
exerted by the fluid acts to the left of the cm of the
Taboratory as illustrated in the figure. This force also
tends to slow the spin speed of the Laboratory slightly
{from .4189 to . 4149 rad/sec.). The control system
ig nok present during this run; therefore, the spin

jets do not turn on to correct the spin speed,
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SIMULATION CAPABILITY FOR DYNAMICS OF TWO-BODY : @CT 0 1973
FLEXIBLE SATELLITES* . b I

Fred Austin** and George Zetkw:nr‘r E‘DITO RIAL}

Grumman Acrospace Corporation
Bethpage, New York

Abstract

An analysis and compuier program were prepared to
realistically simulate the dynamic behavior of a class of
satellites consisting of two end bodies separaled by a
conneeting structure. The shape and mass distribution of
the [lexible end bodies are arbitrary; the connecting struc-
ture ig flexible but massless and is capable of deployment
and retraction. Fluid flowing in o piping system and rigid
moving masses, representing a cargo elevator or crew
members, have been modeled. Connecting Structure
characleristics, control systems, and externally applied
loads.are modeled in easily replaced subroutines. Sub-
routines currently available include a telescopic heam-
type connecting structure as well as attitude, deployment,
gpin, and wobble control. In addition, a unique mass hat-
ance control system wag developed to sense and halance
mass ghifts due to the motion of a cargo elevator. The
mass of the cargo may vary through a large range. Numer-
ical results are discussed for various Lypes of runs.

. 1.” Introduction

Often, when a new salellite configuration requires in-
vestigation, the equations of motion must be derived, pro-
grammed, and checked in order lo predict the dynamic
behavior of the vehicle. in this paper, a new computer
program s described which eliminates these tasks for
a class of two-body flexible satellites. Onc application
is the rotating counterweight space station.

The end bodies are referred to herein as the Labora-
tory and the Counterweight, whereas the entire struc-
ture is referred to as the Space Station. The structure
separating these hodies is referred to as the Connecting
Structure. Both the Laboratory and the Counterweight
are modeled as {lexible structures with arhitrary shape
and mass distribution (see Figurel). The Connecting
Structure is also flexible, but its mass is neglected.

Problems which may be studied using the program in-
clude deployment and retraction of the Connecting Struc-
ture with simultaneous or sequential spin-up and spin~
down, the effects of moving rigid masses such as a
cargo elevator or crew members on bhaard the
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Fig. 1 [dealization and Coordinate Systems

Laboratory, and the effect of fluid pumped through
a piping system on the Laboratery., An example

_ of a realistic confliguration which may be treated
|s shown in Figure 2. Various features including
control systems and Connecting Structure char-
acteristies have heen included in subroutine form
so that these items may be easlly replaced with
minimum digruption to the main program. A
subroutine is alse provided for prograrﬁming
forces and torques; these may be applied at any
mass point on the Space Station. Special con-
straint options permit the user to rigidize the
entire Space Station or certain portions of the
vehicle; thus the easier-understoed rigid-body
results can be compared with the more complex
flexthle-hody solutions.

It is also possible to use the program to study
the dynramics of the Laboratory alone when no
Counterweight is present. Thus, many rotating
and nonrotating satellite configurations can be
studied since the Laboratery characterisiies may
he varied as input data.

*This work was performed for the NASA Langley Research Center under contract NAS 1-10873. The compiete study
ig documented in References 1 and 2, Mosl of the content of this paper was presented at the AIAA Dynamics
Specialist Conference at williamsburg, ' Virginia on March 1973 (AIAA Paper No. 73-320, entitled "Simulation
Capability for Dynamics of Rotating Counterweight Space Stations'™.

**St ructural Mechanics Engineer

?Guidance and Control Engineer
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Fig. 2 Typical Configuration That Can Be Analyzed Using the Computer Program

1I. Idealization and Method of Analysis*

The coordinates used In the analysis are shown in

Figure 1. The X axes are a system of mean uxes moving
with the average or "rigid-body” motion of the Lahoratory

and are used as Lhe reference system for its elastic mo-

tion. Similarly, the ¥ axcs nre a sct of mean axes
for the Counterweight. | B | nnd the luler angles

{ ¥ } locate the X axes in space, and [Riand | 7}
locate the Y axes with respect to the X nxes. The
elastic lincar and angular deflections with respeet

to the mean axes arc [«q;}and {@;], respectively,

for a typical mass peint my (i=1...., n} oo the
Laboratory and | Galand {g, }Tor a typical mass point
My (a=1,...., A) on the Counterweighl. These
elastic coordinater were linearizod whenever there
was an analytical or computational advantage to do
s0; however, the rigid-hody coordinates {R). {7},

{ R, and {7 }are not linearized so that large rigid-
body motions may be studied. Instead of Hulerg
angle rates ([¥} and {5)), angular velocities ({w™ |
and {wY}) of the ¥ and ¥ axes, respectively, are used
as integration coordinates in ordor to simplily the
eqguations of motion. The angular-velocity com-
ponents are not derivatives of gencralized coordinates
but are derivatives of quasi-coordinates. (%)

Newton and Buler equations of motion were
written for an arbitrary number of lumped masses
on the Lahoratory and the Counterwelght**, and the
position and orientation of these masses is also

-arbitrary. The rotatory inertia of cach structural
mass point Is included, as is linear and angular
momentum of a fluid confined within a pipe segment
on a typical Laboratory mass point, Any Labora~
tory mass points may alsc include the two fluid-
system reservoirs; one is nominally filling and

the other is nominally emptying. Uniform
flow is assumed; thus glosh is not allowed.
A maximum of eight moving rigid masses {a cargo

— e ———

*Dstalls of the analysis are presented in Reference 1.

¢levator, crew motion, etc.) are idealized as
polnt masses with no rotary inertia. Their
rigid hady motion is a prespecified function of
Lime; however, the additional motion due to
structural deformation of the path is estimated
by averaging the motion of the surrounding
structural masses and in this way Is approx-
" imately included in the analysis.

The cquations of motion were first written in vece
tor form, and then converted to a convenient matrix
form by using a sct of identities developed for this
purposc {scc Appendix B of Reference 1). Next,
modal or constraint relationships (or a combina-
tion of the two) were used io reduce the number of
coordinates, For example, one typc of constraint
that may be selected by the program user is to ri-
gidize the Laboratory or the Counterwelght. After
rednction of coordinates, the equations are linearly
combined into a reduced number of equations by an
automated technicue deseribed in Appendix D
of Reference 1. The result is identical to that
which would be obtained by writing Langrange's
Equations for a system containing cuasi-coordin-
ates; however, the technique used in this analysia
is more direct and simpler. The equations now
have a symmetric aceeleration coefficient matrix
which was used to facilitate computation as
follows. Because of nonlinear effects this ma-
trix, and consequently its inverse, varies; there-
fore, the equabions must be solved at each time
point, Sinee more rapid computing algorithms are
available for solving equations with symmetric
coefficient matrices, the symmetric form led to
appreciable time savings. Also, less storage is
required since only the upper triangle of the matrix
must be stored.

**[n the computer program the maximum number of lumped masses is 100 for each body.



When modes are used to represent the elastic
motion of the Laboratory or Counterweight, a
humber of free-free elastic modes (but not rigid—
body modes) of that structure arc read into the
program. Omitting the rigid-body modes uniquely
determines the loeation of the X and ¥ mean axes
of Figure 1 (see Scction 4,3.5 of Refercnee 1).

The modal masses and frequencies are required

by the program and are used to define the staff-

ness characteristics of the structure; thus it is not
required to read in a large physical stiffness matrix,
Modal damping is assumed, and a different percent=
age of critical damping for each mode may he uged.

IOI. Obtaining the Modes of Vibration

A separate preprogram wag prepared to synthe-
s1ze the modes of the Lahoratory or Counterweight
from a knowledge of the modes of their various com-~
ponent substructureg. The synthesized modes may
be passed directly from the preprogram to the main
program.

To provide the versatility for synthesizing a
wide variety of configurations, the procedure is de-
veloped for the general seventeen-module idealiza-
tion shown in Figure 3, The user has the capability
of eliminating any of the modules from this most
general arrangement $0 long as he does not discon~
nect the structure. In this way, mnny configurations
having a lesser number of flexible modules may be
studied, The general configuration in Figure 3 allows
up to five modules to be appended to one another in an
arbiirary manner, and up o ten modules to be appen=-
ded to one core module. -

H

—— ;

it

Fig. 3 General 17-Module Configuration for Modal
Synthesis

Omne feature of the synthesis procedure is that the sub-
structure modal matrices may be supplied in coordin-
ate systems that are not parallel to the coordinate system
in which the results, the coupled modes, are obtained,
Accordingly, modules need not be in the same plane. In
fact, they may be skewed at any angle in space,

Another feature of the procedure permits the user to

supply constrained substructure modes. These are modes

which were obtained for idealizations wherc constraints
ware employed; for example, in a heam analysis axial
extension may have been neglected.

Capability is not provided to automatically synthesize
structures where appendages are interconnected; however,
modes for these structures may be obtained by other pro-
cedures and then used as input data to the main program.
Thus, the main program i8 hot restricted by the limita-
tions of the preprogram,

IV. Control Systems

Five major types of control systems have been de~
veloped and programmed in subroutine form. The
control and associated command subroutines were
originally developed on a rigid-vehicle idealization
and were then implemented on the flexible-vehicle
computer program. Control actuaters and gengors
were assumed 10 move with the total motion of the mass
point to which they were attached. The control
systems are described briefly below.

Three-Axis Attitude-Pogition Control (when the vehicle

is not spinning). Sixtcen jets are mounted on the Labora-
tory for attitude—position control, The attitude error e
and error rate é are measured about cach axis, and

the ¢ nnd & combination is used to decide which jets

to fire,

Spin Rate Control. The jets are also used for spin-up

and spin—down maneuvers when these maneuvers are
commanded by a spin command subroutine, In addi-
tion, these jets can be automatically fired to maintain
a constant spin rate within a certain folerance

. established by the control-syatem dead band.

Counterweight Posilion Conirol. This control system
is uscd for deployment and retraction maneuvers. Un-
like the other control systems, the actuator dynamics
are not simulated. Rather, an idealized motor is
assumed which is able to precisely control the unde-
Tormed length £ {t) of the connecting structure; i.e.,

£0ft) s set equal to a prespecified function of time
contained in a position command subroutine, The In~
put data te this subroutine are: the initial and final
positions, the time for deployment to begin, the mag-
nitude of an on-oif constant ac!celer:al:iv:mI.I'0 f, and 2
maximum velocity.!o max

Wobble Control, A control moment gyroscope (CMG)
is used to damp undesirable wobble due to gyroscopic
effects when the vehicle is rotating. The highly ef-
ficient 900 h-lag law{4-7} is used to accomplish this
task.

Mass Balancing for Spinning Vehicle, When the cargo
elevator is in motion, the shitting of a large mass causés
undesirable motions of the spinning vehicle. To balance
this effect, an acceleromcter detects the resulting
accelerations, and a balance mass 18 moved to cor-

rect hoth the center of mass shift and the cross pro-
ducts of inertia of the vehicle. ’

Miscellancous Command Subroutines. The same sub=-
routine used to command the undeformed length of the
Connecting Structure is also used to command the posi-
tlon {along cach of the three axes) of every moving
point mass except the balance mass {which is governed
by the balance mass control system). There are a
maximum of seven such moving masses which may be
used to stmulate the cargo elevator, crew membera,
ete, Another subroutite is used to prespecify the
fluid velocity in the piping system, i.e., an idealized
punp is assumed. Automatie shutoff occurs when a
reservolr is either emptied or filled. This subroutine
also generates the spin-rate command used as a
reference input by the spin-rate control syatem.




V. Miscellaneous Program Capabilties

For reference, the program computes the position
of the Space Statlon center of mass in inertial coor-
dinates, the total angular momentum vector projected
onto inertlal coordinates, and the total system kinetic
energy. The output includes { § Jand {@ *], the linear and
angular displacements, respectvely, of the Connecting
Structure attachment point on the Laboratory reiative
to the attachment point on the Counterweight. In addi-
tion, the program can compute the internal resultant
force and torque vectors on any surface that separates

the structure Into two free hodies. This is accomplished

by the acceleration method, which appears te be more
accurate than the stiffness-damping matrix method

for the case where a truncated number of modes repre-
sents the deformation of the vehicle.

VI, Program Checkout

Several test problems were run (o check the pro-
gram. In the test configuration, the Laboratory was
{dealized using eight structural masses and the Coun-
terweight idealization had five structural masscs. A
telescopic boom was used as the Connecting Structurc.
First the entire vehicle was commanded to be rigid,
and the time history was found to be identical to resuits
obtained using the well-known anaiytical solutions for
a rotating rigid body. Next, a separate program was
written by an independent programmer using the theo-
retical cxpressions of Reference 1. However, this
check program was much simpler than the main pro-
gram since the expressions were applied only to the
test configuration, Also, the time~ and storage-saving
manipulations used in the main program were not used
in the teat program. Scveral test runs were made, in-
cluding vibration excited by: giving each variable and
its derivative a diffcrent initial condition while rotating;
fluid motion; point masses in motion; and a retraction
maneuver. Time histories of the two programs agreed
in each case.

The preprogram which synthesizes the modes of the
Space Station was also tested by comparing results for
several configurations with independently abtained
results. The independent results were obtained by com=-
puting a mass and stiffness matrix for the entire struc-
ture by a standard technique and applying an existing
eigenvalue program. Agreement was achieved in each
case.

VI. Numerical Results Demonstrating
the Computer Programs

Configuration. The NASA Langley Research Center
prwigea Grumman with the configuration shown in
Figure 2 for the purpose of demonstrating the com—
puter program., The Laboralory is composed of a
central core module with two relatively rigid appen-
dages and two solar panels which arc very fiexible.
The Connecting Struchure is a telescopic beam which
can be fully retracted. The Counterweight is com-
posed of three relatively rigid modules. The mass

of the entire vehicle is approximately 77, 600 kg, and
ita deployed overall length is approximately 78.4 m.
For additional descriptive details of this configuration
see Reference 1. :

First, the modes of the core and appended modules
were computed by Grumman, based upon stiffness
and mass properties generated by North American
Rockwell, The modes of the solar pancis were s
computed by Fairchild Industries and Wolf Research. (%)
These modes were used as input data to the pre-

program in order to obtain the free-free modes of the
Lahoratory and the Counterweight. The Counterweight
was relatively rigid. The lowest flexible Counterweight
frequency was G, 851 11z, whereas the sixth Laboratory
frequency was , 382 Hz. It was therefore decided to
idealize the Countertveight as a rigid body in the time-
history computer program. The Laboratory was
idenlized using 72 mass points. Six flexible laboratory
modes were then used to reduce the number of
numerical-integration coordinates, Because of the
relatively high flexibility of the solar pancls, most of
the motion in these modes is solar-panel motion.

A tolal of 18 coordinates are used in the time-history
runs. These are the six laboratory modes, six
rigid-body coordinates locating the mean axes for the
Laboratory, and six rigid-body coordinates for the
Counterweight.

The connccting structure was assumed to be an
elastic tubular beam with uniform characteristics
per unit length. To approximate telescopic charac-
teristics of the beam during deployment and re-
traction, new stiffness properties are computed at
each time intcrval based on the beam length.

All control system jets, the CMG, and the control-
system scnsor pagkage were mounted on the Labora~
tory core module.

A detailed description of the configuration is
presented in Scetion 6. 0 of Reference 1.

Selcetion ol Runs., The nms which will be discussed
are attitude control, deployment, spin-up, wobble
controi, elevator motion with mass balancing, and
fluid being pumped between reservoirs. It is also
possible to use the program to study many of these
effeets occurring simultancously; however, this was
not done in the present study.  Since the runs
performed were selected primarily to demonstrate
the capability of the computer program, there was
no attempt to optimize any of the operation param-
aters such as control-aystem gains. Also, in the
eage of the deployment and spin-up maneuvers, the
jet thrusts were increased to unrealistic values in
order to complete the maneuvers within 45 sec,
therchy saving computer ime.

Although the runs described herein arc primarily
flexible~vehicle runs, in each case the rigid-vehicle
run was also performed. Rigidization was accom-
plished by using the program's constraint option.

Altitude Control, During the attitude-controt
mancuver, the system was not rotating and the
Connecting Structure was [ully retracted. Tho
atlitude control gaystem developed for the rigid
vehicle required no modification for use on the
flexible-vehicle idealization. The three components
of the Euler anglcs {¥} orienting the vehicle are
shown in Figure 4. Curves for a rigid-body run
were overlayed with the flexible body curves of
Figure 4 and no difference could be discerned.

The Space Station was inftially tilted so that each
Euler angle was , 01745 rad (1.0 deg). The control
system then reduces each angle to the commanded
value of zero. Similar behavior occours along each of
the three axes, The jets first apply a torque to hegin
correcting the attitude angle. Then a torque is
applied in the negative direction to slow down the
Space Station's angular rate. Linear deformation

in the Connecting Structure is shown in Figure 5.
Since the Connecting Structure is fully retracted,

the illustrated deformation actuaily reapesents the
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very small deflections of the relatively stiff Con-
neeting Structure docking hateh. This connection
is only approximately represented as discussed in
Section 4.4, 2.1 of Reference 1.

Deploymenl with Spin-Rate Hold. Figure 6 illus-
trates a deployment maneuver at .2 rpm.  All motion
in this run is in the spin plane. Figure 6A shows the
prespecified motion of the undeformed Conhecting
Structure. The Comnecting Structure deploys from
an undeformed length £ o3 of 0 to 42,822 m. If the
spin control system were not operational, the spin
rate would decrcase to maintnin constant momen(um;
however, the command to maintain a constant spin
rate was given during this run, To accomplish the
deployment within 40 sec, the jet thrust was increased
from a nominal value of 222,4 N (50 1b) to 4448.2 N
(1000 Ib). Figure 6B shows the axial deformation In
the beam during deployment. Throughout the maneu-
ver, the slow spin rate causes a slight centrifugal
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Fig. 6 Deployment Maneuver at .2 RPM

force. Therefore, there is a small tendency for the
cnd bodies to separate naturally; however, this would
occur at a very slow rate. The deployment command
is given at t = 1 scc, and the Laboratory and the
Counterweight are pushed apart (£p3>0 as shown in
Figure 6A) causing compression in the beam. When
the maximum velecity £ g3 = 1.270 m/sec {50 in. /gec)
is reached, and deployment proceeds at constant
velocity, the benm is expanded slightly by the centrif -
ugal force. At approximately 35 sec, the deceleration
begins ( £ g3 < 0) and the expansion in the becam is
increased significantly., Deployment cnds at about

40 scc., The final expansion is much larger than

the initial compression, mainly because the Con-
necting Structure is more flexible when more of it

is deployed. For the same reason, the transient
vibration cccurs at a lower frequency when deploy-
ment is near completion. Figure 6C illustrates

the bending of the Connecting Structure during deploy~
ment. This bending cccurs partially as a result of
the Cortolis forces, but primarily it is due to the spin
jets torguing the Laboratory to maintain a constant
angular velocity.

Spin-Up. TFigures 7 and 8 illustrate a spin-up ’
maneuver, The Space Station is initially rotating at
.2 rpm and, at 5 sec, the command is given to in-
crease the spin speed to 4 rpm. All motion in this
run is in the spin plane, In order to accomplish the
maneuver in 40 sec, the jets on the Laboratory were
increased from 222.4 N (50 1b) to 66.7 kN (15, 000 Ib).
Figure 7TA illustrates the increase of the spin speed,
and Figure 7B illustrates the correspending increase
in the axiol extension of the Connccting Structure due
primarily to the centrilugal force. Figure 7C shows
the bending in the Connecting Structure during the
spin-up mancuver. Unusually high bending deforma-
tions occur as a result of the large torgques on the
Laboratory generated by the increased jet thrusts,
Figurc 8 shows the largest component of the deforma-
tion at mass point 17, a very flexible point on a solar
panel, and the largest component of the force exerted
by the solar panel on the core module at the root of
the panel {sec Figure 2).

Quiescent State. When the Space Station {8 rotating
in 1t nominal state of pure spin (l.e., in a state of
pure rotation about the Xy axis with no vibration),
constant elastic deformations cccur due to the cen-
trifugal force. This state is known as the quiescent
state, During the:.runs which were mada wﬁen the
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Space Station was rofating at ils nominal spin speed
of 4 rpm, the initial conditions are a variation [rom
the quiescent state. Before making these runs, the
guiescent state deformations were determined by
setting all of the damping coefficients (for both the
Lahoratory and the Connecting Structure) to 807 of
their critical values. A short run was made, and the
deformations rapidly damped to Ltheir guiescent
values. The quiescent deformations were highest

at certain points on the solar panels. As an example,
the deformation in the X5 direction ut mass point 17
(q17'3) was approximately 540 mm (21.4 in.,),

Wohble Control, Figure 9 illustrates the perfor—
mance of the wobble control system. -Initially, the
deformations were set to their quiesceni values, and
the second component of {w™} was given a wobble
component of . 001 rad/sec. Up to approximately
27 sec the curves are essentially identical to a run
made for a rigid Space Staiton. This indicates the
usefulness of the mean axes; onc reason that they
were used was that they move at the average maotion
of the deformed system. After 27 scc, some small
higher-frequency oscillations predominate due to
elastic vibration. The only mulification reguired to
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Fig. % Components of Angular Velocity ) Itustrating
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the CMG control system was to increasc the amount
of wobhle at which the CMG stops trying to control
wobble. Before this modification was made, the CMG
gensor reacted to the residual vibration and the CMG
continued to operate in the wobble-damping mode
throughout the entire rum.

Elevator Motion with Balance Mass Control. In
the runs described in this paragraph, a 4,530 kg
(10,000 1b) elevator and a 2,270 kg (5, 000-1b) halance
mass are initially located on the Xy axis, at Xg::19.4
and 8.5 m, respectively. The elevator moves towards
the balance mass at t=5 seconds. All rigid-body and

flexible molion is in the gpin plane. Inilially, the

Spoce Station is rotating in the (uiescent state. The
first balance-mass control system which was devel-
oped operaled properly on a rigid-vehicle idealiza-
tion; however, using the current computer program
il was tound that vehicle flexibility coupled undesir-
ably with the contrel system, During this run the
vehicle vibrated at a high-frequency vibration
associaled wilh the Connecting Structure axial mode,
and the overall response of the halgnce mass was
sluggish and unstable. The satisfactory control
illustrated in Figure 10 was achleved after )
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considerable modification of the control law. The
control system is required to balance an clevator
motion of 7.00 m. The curve showing the error in the
position of the Space Station center of mass indicates
that there is a lag in the response of the balance mass;
however, by the end of the run the Space Station is
balanced. The deformations in the Connceting
Structure during this run are shown in Figure 11.

. Note that there is an initlal vibration although the
elevator does not begin its motion wntil 5 sec. This
initial vibration resulls because the initial quiescent
deformations were obtained from a run where the
elevator and balance masscs were not present.

The main Connecting-Structure bending effects are
caused by the Coriolis forces exerted by the moving
masses on the Laboratory and by the spin jets
which torque the Laboratory to maintain the com-
manded constant spin speed. The deformation at
mass point 17, which is on a solar panel, and the
internal force exerted by the solar panel at its root
are shown in Figures 12A and B.
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Fluid Pumped Through the Laboratory. In this
run only, the Laboratory contained a fluid system con-
sisting of a pipeline connecting two reservoirs. Unlike
the sgystem illustrated in Figure 2, the centerlines of
both reservoirs and the pipe were located on the X
axis. Pumping begins at 2 sec. The fluid velocity and
height of the fiuid in the emptying reservoir are shown

in Figure 13. Pumping proceeds until this reservolir is
empty 2l t = 35. 7 sce, when the pump suddenly shuts
down. After shuidown, fluid remains in the pipeline.
All motion during this rur occurs in the spin plane.
Iigure 14 shows the deformations of the Connhecting
Structure. The bending which oceurs during pumping
ig illustrated in Iigure‘l5. The primary reason for
this bending is that the resultant of the Coriolis forces’
exerted by the fluid acts to the left of the em of the
Laboratory as illustrated in the figure. This force also
tends to slow the spin speed of the Laboratory slightly
(from .4189 to .4149 rad/sec.). The control system
is not present during this run; therefore, the spin

jets do not turn on to correct the spin speed.
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